Artificial Z-scheme photocatalytic systems have received considerable attention in recent years because they can achieve wide light-absorption, high charge-separation efficiency, and strong redox ability simultaneously. Nevertheless, it is still challenging to exploit low-cost and stable Zscheme photocatalysts with highly-efficient H 2 evolution from solar water-splitting so far. Herein, we report a novel all-solidstate Z-scheme photocatalyst Cd 1−x Zn x S@WO 3−x consisting of Cd 1−x Zn x S nanorods coated with oxygen-deficient WO 3−x amorphous layers. The Cd 1−x Zn x S@WO 3−x exhibits an outstanding H 2 evolution reaction (HER) activity as compared with Pt-loaded Cd 1−x Zn x S and most WO 3 -and CdS-based photocatalysts, due to the generation of stronger reducing electrons through the appropriate Zn-doping in Cd 1−x Zn x S and the enhanced charge transfer by introducing oxygen vacancies (W 5+ /OVs) into the ultrathin WO 3−x amorphous coatings. The optimal HER rate of Cd 1−x Zn x S@WO 3−x is determined to be 21.68 mmol h −1 g −1 , which is further raised up to 28.25 mmol h −1 g −1 (about 12 times more than that of Pt/Cd 1−x Zn x S) when Cd 1−x Zn x S@WO 3−x is hybridized by CoO x and NiO x dual cocatalysts (Cd 1−x Zn x S@WO 3−x /CoO x /NiO x ) through in-situ photo-deposition. Moreover, the corresponding apparent quantum yield (AQY) at 420 nm is significantly increased from 34.6% for Cd 1−x Zn x S@WO 3−x to 60.8% for Cd 1−x Zn x S@WO 3−x /CoO x /NiO x . In addition, both Cd 1−x Zn x -S@WO 3−x and Cd 1−x Zn x S@WO 3−x /CoO x /NiO x demonstrate good stability towards HER. The results displayed in this work will inspire the rational design and synthesis of high-performance nanostructures for photocatalytic applications.
INTRODUCTION
The development of new renewable energy has currently been extremely urgent due to the limited reserves and depletion of fossil fuels, as well as the associated environmental problems [1] [2] [3] [4] [5] . Recently, the sustainable hydrogen (H 2 ) production based on solar photocatalytic water splitting has attracted great attention, owing to the renewability of solar energy, the abundance of water resources, and the cleanliness and high-energy-density of H 2 energy [6] [7] [8] . For photocatalysis, the desirable catalyzers should satisfy the following factors: wide light absorption, good stability, efficient charge-separation, and strong redox ability. However, single-component photocatalysts are unsuitable for practical applications because of their high charge recombination and incompatibility between the wide light absorption and strong redox ability [9] . In this regard, numerous hybrid photocatalytic systems are properly designed and constructed to overcome the drawbacks of single-component photocatalysts [10] [11] [12] [13] [14] . Nevertheless, in conventional heterojunctiontype systems, the redox ability of photogenerated electrons and holes is weakened after charge transfer, which is unfavorable to the photocatalytic activity. This impels a new-type photocatalytic system, the artificial heterogeneous Z-scheme photocatalysts mimicking the natural photosynthesis process, which can achieve the spatial isolation of charge carriers and the strong redox ability simultaneously. Among them, all-solid-state Z-scheme photocatalysts consisting of narrow-bandgap semiconductors with proper band structures have become the focus of current frontier research, due to their feasibility to meet the aforementioned criterions of desirable photocatalysts [15, 16] . Among various semiconducting photocatalysts, CdS has attracted great interest for H 2 evolution reaction (HER) due to its effective sunlight absorption and suitable conduction band potential [17] [18] [19] . However, CdS alone exhibits a poor HER capability as a result of the rapid charge carrier recombination and photocorrosion. On the other hand, narrow-bandgap WO 3 shows high carrier mobility and good chemical stability by comparison with other photocatalysts [20, 21] . Moreover, the relatively positive valence band potential of WO 3 endows it with good oxidation capacity [22] . Therefore, CdS and WO 3 were selected as the components for constructing Z-scheme hybrid, which was expected to present a highly efficient H 2 evolution activity based on photocatalytic water-splitting. The previously reported Z-scheme WO 3 /CdS system is usually composed of WO 3 nanorods or hierarchical spheres/urchins loaded with a small amount of CdS nanoparticles [23, 24] . As the main part of these WO 3 /CdS composites is WO 3 , the overall HER performance is not high because WO 3 is not active for H 2 evolution [25] . Although conductors such as Pt, Au, and Ag have been employed to form the known Ohmic contact to facilitate the charge transfer and increase the activity of these WO 3 /CdS composites [25] [26] [27] [28] , the high cost [29, 30] and complexity of material preparation hinder their massive applications. As is well known, the solid-solid contact interface is easily aggregated with abundant defects, which enables it to display quasi-continuous energy levels and form Ohmic contact as well. Moreover, the solid-solid contact interface can be optimized to show lower electrical resistance for enhanced charge transfer through the introduction of some defects such as oxygen vacancies [20, 31] . In addition, appropriate Zn-doping in CdS has been demonstrated as an effective way to raise the conduction band level, which is in favor of producing stronger reducing electrons to increase the HER property [32] . Furthermore, recent research shows that [33] , the photocatalytic activity can be significantly improved via selective photodeposition of reduction and oxidation cocatalysts with the photocatalyst possessing spatially isolated redox sites. Consequently, novel efficient Z-scheme photocatalytic systems toward H 2 production from water splitting can be expected by depositing appropriate cocatalysts with the spatially separated photogenerated electrons and holes under illumination.
In this work, a novel all-solid-state Z-scheme photocatalytic system Cd 1−x Zn x S@WO 3−x was prepared with an ethanediamine-assisted solvothermal method followed by a facile hydrolysis oxidation process under ambient conditions. Interestingly, the conduction band potential of Cd 1−x Zn x S solid solutions becomes more negative with the increasing Zn content, which is beneficial to the formation of stronger reducing electrons for HER. Moreover, the oxygen vacancies in amorphous WO 3−x coatings facilitate the Z-scheme charge transfer through lowering the interfacial electrical resistance. Therefore, under visible-light illumination, Cd 1−x Zn x S@WO 3−x demonstrates an excellent HER activity as compared with Pt-decorated Cd 1−x Zn x S, individual Cd 1−x Zn x S and WO 3 . In addition, after Cd 1−x Zn x S@WO 3−x is hybridized by CoO x and NiO x nanoparticles through in-situ photo-deposition, the HER performance is further improved, owing to the efficient Z-scheme charge separation and selective charge trapping by the reduction and oxidation dual cocatalysts.
EXPERIMENTAL SECTION

Chemicals
The chemicals present in this work were purchased from Shanghai Adamas-Beta Reagent Co., Ltd. (China), which can be listed as follows: Cd(NO 3 ) 2 ·4H 2 O, Zn(NO 3 ) 2 ·6H 2 O, Ni(CH 3 COO) 2 ·4H 2 O, Co(CH 3 COO) 2 ·4H 2 O, WCl 4 , Na 2 S·9H 2 O, Na 2 SO 3 , S powder, ethanediamine, triethanolamine (TEOA), ethylene glycol (EG), N,N-dimethylformamide (DMF), thioacetamide, lactic acid, ethanol, and HNO 3 (68 wt%). All the reagents were of analytical grade and used as received.
Synthesis of one-dimensional (1D) Cd 1−x Zn x S solid solutions
The synthesis of 1D Cd 1−x Zn x S solid solutions was carried out according to the ethanediamine-assisted solvothermal method reported in our recent work [34] .
Synthesis of WS 2 and WO 3 nanosheets
WS 2 nanosheets were prepared by a solvothermal method, where DMF served as the solvent. Briefly, 1 mmol WCl 4 and 6 mmol thioacetamide were dissolved in 30 mL DMF through agitation for 30 min, which was then transferred into a 50-mL autoclave and sealed before heating at 200°C for 24 h. After reaction, the black precipitate was washed with ethanol by centrifugation thrice, and dried at 80°C for 5 h to get WS 2 nanosheets.
The WO 3 nanosheets were synthesized through the chemical oxidation of WS 2 nanosheets followed by a calcination process. Specifically, 0.45 g WS 2 nanosheets were dispersed into 100 mL HNO 3 aqueous solution (4 mol L −1 ) by ultrasonication, which was then refluxed at 50°C for 48 h to complete the oxidation process. In the next step, the yellow precipitate was rinsed with water for several times until it was neutral. After that, the precipitate was dried at 80°C for 5 h before roasting at 450°C for 2 h to form WO 3 nanosheets.
Synthesis of 1D Cd 1−x Zn x S@WO 3−x composites
In a routine preparation, 0.6 g Cd 1−x Zn x S was first dispersed in 7.5 mL EG by sonication and agitation, and then this suspension was mixed with 7.5 mL EG solution dissolved with different amounts of WCl 4 . Following this step, the above suspension was further stirred for 30 min to carry out the ion-absorption process. After that, the greenish precipitate was separated by centrifugation and washed with ethanol once and water twice. At last, the precipitate was dried at 80°C in an oven and the Cd 1−x -Zn x S@WO 3−x composites were obtained. For simplicity, the Cd 1−x Zn x S@WO 3−x hybrids are abbreviated as CZ x S-YW, where x is the ratio of Zn in Cd 1−x Zn x S and Y represents the concentration (mol L −1 ) of WCl 4 reaction solution.
For comparison, Cd 1−x Zn x S@WO 3−x was also prepared with a solvothermal method. Generally, 0.6 g Cd 1−x Zn x S was dispersed in 30 mL DMF by ultrasonication to form a suspension at first, into which 0.0276 g WCl 4 and 0.0382 g thioacetamide were then dissolved after stirring for 30 min. Next, the suspension was sealed into a 50-mL autoclave and maintained at 200°C for 24 h. After reaction, the product was rinsed with ethanol thrice and dried at 80°C in a vacuum oven. The fabricated Cd 1−x Zn x -S@WO 3−x is denoted as CZ x S-WO, where x stands for the proportion of Zn in Cd 1−x Zn x S solid solutions.
Synthesis of 1D Cd 1−x Zn x S@WO 3−x /CoO x /NiO x through photo-deposition
The Cd 1−x Zn x S@WO 3−x /CoO x /NiO x was prepared by an in-situ photo-deposition strategy. Specifically, 30 mg Cd 1−x Zn x S@WO 3−x was first dispersed in 100 mL aqueous solution containing 20 vol% lactic acid by ultrasonication, and a certain amount of Co(CH 3 COO) 2 ·4H 2 O and Ni(CH 3 COO) 2 ·4H 2 O was subsequently dissolved into the above suspension. Then, the photo-deposition for the suspension was conducted using the Labsolar-6A online H 2 evolution and detection system (PerfectLight, Beijing Co., Ltd.). Before illumination by a 300-W Xe lamp equipped with a 420-nm cutoff filter, the suspension was stirred and vacuumized. The photo-deposition process was carried out for 3 h under the reaction temperature of 6°C as controlled by a circulating water pump. Finally, the Cd 1−x Zn x S@WO 3−x /CoO x /NiO x was obtained after the product was rinsed with ethanol thrice and dried at 80°C under vacuum.
Characterization X-ray diffraction (XRD) patterns of the photocatalysts were measured on a Rigaku D/max 2500 PC X-ray diffractometer using the Cu Kα radiation (40 kV, 150 mA). Scanning electron microscopy (SEM) images were collected by a ZEISS MERLIN Compact scanning electron microscope. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM), dark-field scanning TEM (STEM), and energy-dispersive X-ray spectroscopy (EDX) elemental mapping tests were performed with a FEI Tecnai G2 F20 S-TWIN microscope. X-ray photoelectron spectroscopy (XPS) measurements were conducted by a Thermo Fisher ESCALAB 250 Xi spectrometer. Electron paramagnetic resonance (EPR) spectra were measured at room temperature by a Bruker A300 spectrometer. Ultraviolet-visible (UV-vis) absorption spectra tests were carried out on a Shimadzu UV 3600 spectrometer. Photolumines-cence (PL) emission spectra were tested with an Edinburgh FLS980 fluorescence spectrophotometer employing the excitation light of 325 nm. The inductively coupled plasma emission spectroscopy (ICP) data were obtained by an Agilent 730 ICP-OES machine. Brunauer-Emmett-Teller (BET) specific surface areas and corresponding pore-size distributions were examined by a Micromeritics TriStar II 3020 automatic adsorption instrument.
Photocatalytic H 2 evolution reactions
The photocatalytic H 2 evolution activities of photocatalysts were evaluated with a Labsolar-6A online H 2 evolution and detection system manufactured by Per-fectLight, Beijing Co., Ltd. Before each test, 30 mg photocatalyst was first dispersed into 100 mL aqueous lactic acid solution (20 vol%) by ultrasonication to get a uniform suspension, which was then filled into the reactor and vacuumized for use. The light irradiation for H 2 evolution was ensured by a 300-W Xe lamp (PLS-SXE 300D) equipped with a 420-nm cutoff filter. Meanwhile, the reaction temperature was maintained at 6°C by a homeothermic circulating pump. The generated H 2 was detected once an hour by a gas chromatograph installed with a thermal-conductivity detector. To study the in-fluence of hole scavenger on the photocatalytic H 2 evolution activity, lactic acid solution was replaced by TEOA (20 vol%) and 0.35 mol L −1 Na 2 S/0.25 mol L −1 Na 2 SO 3 aqueous solution with the same volume. The apparent quantum yield (AQY) of H 2 formation for the photocatalysts was measured by using a 420-nm bandpass filter, which can be determined according to the equation below: In this equation, n H 2 and n p are the number of H 2 molecules and photons, respectively; P denotes the light power; t = 3600 s stands for the illumination time; λ = 420 nm is the incident light wavelength; h = 6.63 × 10 −34 J s represents the Planck constant; and c = 3.0 × 10 8 m s −1 is the light speed.
Electrochemical and photoelectrochemical measurements
The electrochemical and photoelectrochemical properties of photocatalysts were measured on a CHI 660E electrochemical workstation utilizing a three-electrode setup, in which Pt plate and Ag/AgCl were the counter-electrode and reference electrode, respectively. The working electrode was prepared by coating the catalyst ink in PEG aqueous solution onto fluorine doped tin oxide (FTO) glass, which was then dried and calcined at 450°C for 1 h under N 2 atmosphere. Mott-Schottky curves were recorded using 0.5 mol L −1 Na 2 SO 4 aqueous solution as the electrolyte. The amplitude and frequency were 0.005 V and 500 Hz, respectively. For electrochemical impedance spectroscopy (EIS), the electrolyte was 0.5 mol L 
RESULTS AND DISCUSSION
Cd 1−x Zn x S solid solutions possess much increased pho-tocatalytic HER activities owing to their higher conduction band levels compared with pristine CdS [32, 35] . Therefore, Cd 1−x Zn x S is a suitable photocatalyst for efficient HER. For the as-prepared Cd 1−x Zn x S (0 ≤ x ≤ 0.15, Fig. S1 ), the bandgaps based on the UV-vis absorption spectra and corresponding Kubelka-Munk plots are 2.42, 2.45, 2.47, and 2.49 eV for CdS, Cd 0.95 Zn 0.05 S (CZ 0.05 S), Cd 0.90 Zn 0.10 S (CZ 0.10 S), and Cd 0.85 Zn 0.15 S (CZ 0.15 S), respectively ( Fig. S2 ). It is well known that, the bandgap of ZnS (~3.7 eV) is much larger than that of CdS (~2.4 eV) [18, 36] . Therefore, the bandgap of Cd 1−x Zn x S solid solution enlarges with the increase of Zn-doping amount, leading to the blue-shift of absorption edge of Cd 1−x Zn x S ( Fig. S2a ) and displaying a decreased light absorption range. The conduction band minimum (CBM) potential (E CBM ) of Cd 1−x Zn x S solid solutions relative to the normal hydrogen electrode (NHE) potential can be calculated as follows [37] : Fig. 1 . Firstly, the 1D Cd 1−x Zn x S solid solutions with different aspect ratios were prepared by an ethylenediamine-directing solvothermal strategy [34] . Subsequently, the Cd 1−x Zn x S was ultrasonically dispersed in EG solution containing different concentrations of WCl 4 , which was then stirred for 30 min before it was rinsed with ethanol and water and dried in an oven to produce
It is proposed that, the dissolved Wcontaining precursor was adsorbed by Cd 1−x Zn x S at first via electrostatic interactions with nitrogenous species remaining on the surface [38] , which was then hydrolyzed and oxidized into oxygen-deficient WO 3 , the top and bottom planes of the nanorod could be determined as {100} facets, while the growth direction parallels to <001>, i.e., c-axis. Meanwhile, HRTEM analysis of the nanorod in Fig. 3c also reveals that, the nanorod lattices stretch preferentially along the c-axis. By considering the symmetry of wurtzite structure, the CZ 0.15 S nanorods are surrounded by six equivalent {100} facets and they grow along the c-axis. The dark-field STEM image and corresponding EDX elemental mapping results (Fig. 3d ) disclose that, Cd, Zn, and S are uniformly distributed all over the whole nanorod. The CZ 0.15 S@ WO 3−x hybrid nanorods were formed after CZ 0.15 S was coated by WO 3−x amorphous layers. As shown in Fig. 3e , the CZ 0.15 S-0.08W sample prepared after air-drying is featured by the rod-like morphology similar to that of pristine CZ 0.15 S. Further, HRTEM measurement ( Fig. 3f) indicates that, CZ 0.15 S-0.08W possesses a unique coresheath structure comprising the CZ 0.15 S nanorod enwrapped by ultrathin WO 3−x layers (highlighted by the yellow dashed lines). The amorphous WO 3−x layers coating on the CZ 0.15 S nanorod can be unambiguously observed as demonstrated in Fig. 3g . Moreover, the STEM and corresponding EDX elemental mapping results of CZ 0.15 S-0.08W (Fig. 3h ) confirm the homogeneous distribution of Cd, Zn, W, and S throughout the entire nanorod. Furthermore, the influence of synthesis parameter on the structure of product was investigated. It can be seen from Fig. S5 that the CZ 0.15 S-0.08W fabricated with vacuum-drying owns an analogous structure to that prepared after air-drying ( Fig. 3e-g) . Additionally, when the concentration of WCl 4 reaction solution was increased to 0.11 mol L −1 , besides WO 3−x layers, many small WO 3−x nanoparticles were also formed on the surface of product (CZ 0.15 S-0.11W, Fig. S6 ). XPS tests were performed to identify the surface compositions and related chemical valence states of CZ 0.15 S- Fig. 4b ) could be assigned to the Cd 2+ and Zn 2+ species, respectively [39] [40] [41] .
In comparison with CZ 0.15 S, both the Cd 2+ and Zn 2+ of CZ 0.15 S-0.08W exhibit a blue-shift of binding energies, suggesting the interaction between CZ 0.15 S and the coated WO 3−x [42] . Besides, the valence state of W in CZ 0.15 S-0.08W was carefully studied as presented in Fig. 4c , where the data of pure WO 3 and WS 2 are also given for reference. We can see that, the WO 3 and WS 2 possess the doublets locating at 35.5-37.6 eV and 32.3-34.5 eV, which correspond to W 6+ and W 4+ ions, respectively [43, 44] . It is evident that, both the W spectra of CZ 0.15 S-0.08W prepared after vacuum-drying (CZ 0.15 S-0.08Wvacuum) and air-drying (CZ 0.15 S-0.08W-air) contain the component stemming from W 6+ . Meanwhile, a small peak around 33.5 eV (between the peaks of 32.3 and 34.5 eV for W 4+ ) is found for CZ 0.15 S-0.08W-air, which could be attributed to the W 5+ species [45, 46] . Noticeably, the CZ 0.15 S-0.08W-vacuum is endowed with a much weakened W 5+ signal compared with CZ 0.15 S-0.08W-air, which may result from the different hydrolysis and oxidation processes under these two drying conditions. In our synthesis, the WCl 4 was dissolved into EG at first to form the W-EG complexes [47] , which were then adsorbed onto the surface of Cd 1−x Zn x S nanorods via electrostatic interactions. After being rinsed with ethanol and water, the remained W-EG complexes on Cd 1−x Zn x S nanorod surface would be hydrolyzed and oxidized into WO 3−x during the subsequent drying processes. As the heating rate in air atmosphere is significantly higher than that in vacuum condition, the hydrolysis and oxidation processes for W-EG complexes could be very fast in air atmosphere, which results in the formation of more oxygen vacancies (W 5+ /OVs) in the WO 3−x species. In [50] . Therefore, one can conclude from the above results that, the coated W species on CZ 0.15 S-0.08W-air are WO 3−x which contain a certain amount of oxygen vacancies (W 5+ /OVs). To directly confirm the formation of oxygen vacancies, EPR measurements were carried out. As shown in Fig. 5 , the CZ 0.15 S-0.08W obtained after drying in air atmosphere exhibits a sharp signal at g = 2.003, which can be attributed to the electrons trapped on oxygen vacancies [23, 51] . In contrast, no detectable EPR signal can be found in the CZ 0.15 S-0.08W prepared after vacuum-drying, indicating the absence of oxygen vacancies in this sample. The EPR data are in good agreement with the XPS results (Fig. 4) . WO, Fig. S9 ). When the WCl 4 and thioacetamide concentrations were increased respectively to 5.15 and 30.90 mmol L −1 , WS 2 nanosheets (ca. 6 wt%) started to appear on the CZ 0.15 S nanorod surface (CZ 0.15 S-WS, Fig. S10 ). Under solvothermal conditions, thioacetamide decomposed to generate S 2− anions, which then combined with W 4+ cations to form WS 2 . However, if a low concentration of WCl 4 and thioacetamide solution was used, the produced WS 2 species might be unstable due to their small amount, which could react with the dissolved oxygen or water and transform into WO 3 during the following reaction processes. It is common to see that, the WS 2 nanosheets obtained by chemical synthesis were usually accompanied by the formation of some WO 3 clusters [52, 53] . The TEM and HRTEM images of CZ 0.15 S-WO in Fig. S9 indicate that, WO 3 nanocrystals with a big size were loaded on the surface of CZ 0.15 S nanorods. Besides, negligible W 5+ signals can be found in the XPS spectrum of CZ 0.15 S-WO (Fig. S10) , which suggests the deficiency of oxygen vacancies in this sample. Compared with CZ 0.15 S-WO with big WO 3 nanoparticles, CZ 0.15 S-0.05W consists of CZ 0.15 S nanorods coated by ultrathin oxygen-deficient WO 3−x amorphous layers (similar to that of CZ 0.15 S-0.08W). Therefore, more heterostructure interfaces can be formed in CZ 0.15 S-0.05W to retard the recombination of charge carriers. Moreover, the oxygen vacancies in CZ 0.15 S-0.05W could reduce the interfacial electric resistance to facilitate the transfer of photogenerated electrons and holes. As a result, benefiting from the above advantages, CZ 0.15 S-0.05W demonstrates a much better HER performance than CZ 0.15 S-WO (Fig. 6a) . Besides, when WCl 4 was replaced by different proportions of MoCl 5 , the products were all provided with degraded HER performances (Fig. S11 ). On the other hand, the influence of hole scavenger on the H 2 evolution activity (Fig. S12) was explored, which uncovered that lactic acid contributed to promoting the HER significantly compared with the Na 2 S/Na 2 SO 3 and TEOA. Interestingly, after CZ 0.15 S-0.08W was codeposited with CoO x and NiO x (CZSW-CoO x /NiO x ) through illumination, the HER rate further increased to 28.25 mmol h −1 g −1 , exceeding that of most WO 3 -and
CdS-based photocatalysts (Table S2 ) [27, [54] [55] [56] [57] [58] . The effect of CoO x /NiO x photo-deposition on the HER activity of CZ 0.15 S-0.08W was investigated accordingly. Fig. S13a and S13c disclose that, the optimal HER property of CZSW-CoO x /NiO x was obtained at the deposition amount of 2.5 wt%. What's more, under the identical loading concentration (2.5 wt%), the CZ 0.15 S-0.08W supported with CoO x and NiO x (CZSW-CoO x /NiO x ) is much more active than the counterparts consisting solely of CoO x (CZSW-CoO x ) or NiO x (CZSW-NiO x ) ( Fig. S13b and S13d). Therefore, the above results suggest that, the HER activity of CZ 0.15 S-0.08W increases after photodeposition and the co-deposition with CoO x and NiO x . It is well known that, the electron-hole pair recombination of photocatalyst could give rise to PL emission. Hence, the PL emission spectra (excited at 365 nm) of WO 3 , CZ 0.15 S, and CZ 0.15 S-0.08W were measured to study their separation abilities for charge carriers, as the latter was a critical factor determining the photocatalytic efficiency [59] . As exhibited in Fig. 6b , the PL signals at~477 and 524 nm are related to the excitonic and trap-state recombination, respectively [60, 61] . As expected, compared with pure WO 3 and CZ 0.15 S, CZ 0.15 S-0.08W displays the lowest emission intensity indicating that the former is endowed with a much better capability for charge separation than the latter two [57] . The decreased PL emission of CZ 0.15 S-0.08W could result from the heterostructure formed between WO 3−x and CZ 0.15 S, which significantly suppresses the recombination of photogenerated electrons and holes, responsible for the superior HER activity of CZ 0.15 S-0.08W. The visible-lightinduced photocurrent responses of WO 3 , CZ 0.15 S, and CZ 0.15 S-0.08W were also compared as presented in Fig. 6c . The CZ 0.15 S-0.08W shows a much higher photocurrent density than WO 3−x and CZ 0.15 S, suggesting that the charge carriers are separated more efficiently by the former [62] , which agrees well with the PL emission results. Moreover, the charge-transfer process occurring under illumination was investigated by the EIS tests. The Nyquist plots in Fig. 6d evidence that CZ 0.15 S-0.08W has the smallest semicircular arc, indicating its minimum charge-transfer resistance compared with WO 3 and CZ 0.15 S [63] . The reduced charge-transfer resistance of CZ 0.15 S-0.08W can be attributed to the facilitated separation and transfer of photoexcited charge carriers [64, 65] , consistent with the photocurrent and PL emission results. Furthermore, the AQY of HER for CZ 0.15 S-0.08W and CZSW-CoO x /NiO x were measured using the illumination of 420 nm monochromatic light. We can see from Fig. 6e that, the CZ 0.15 S-0.08W achieves an AQY of 34.6%, which is dramatically increased to 60.8% when the reaction is triggered by CZSW-CoO x /NiO x .
The stability of the as-prepared samples was investigated as it was critical for widespread photocatalytic applications. Firstly, the durability of CZ 0.15 S-0.08W and CZSW-CoO x /NiO x towards long-term H 2 production was measured as shown in Fig. 6f , indicating that the H 2 evolution of both samples were steady during a 12 h uninterrupted testing. In addition, the cycling stability of CZSW-CoO x /NiO x composite was also evaluated. As shown in Fig. S14 , there was no obvious activity decay after 5 cycle measurements using the same photocatalyst and testing conditions. These results show that CZ 0.15 S-0.08W and CZSW-CoO x /NiO x are endowed with outstanding stability towards H 2 production for photocatalytic water splitting. It is worth mentioning that, the HER activity of CZ 0.15 S-0.08W with oxygen-deficient WO 3−x layers was maintained well after being stored for seven weeks (Fig. S15) .
TEM image of CZSW-CoO x /NiO x is shown in Fig. 7a , which displays that the hybrid is composed of nanorods deposited with small nanoparticles. In Fig. 7b , the interplanar spacing (0.297 nm) of the nanoparticle anchored on CZ 0.15 S nanorod (marked in Fig. 7a ) is in consistence with the {110} planes of cubic NiO (JCPDS No. 02-1216). Moreover, according to the HRTEM analyses of Fig. 7c , the nanoparticle (Fig. S16) results (Fig. 7d ). Furthermore, the valence states of nickel and cobalt species in CZSW-CoO x /NiO x photo-deposited with Na 2 S/Na 2 SO 3 solution were analyzed by XPS measurements. As indicated by Fig. 7e , the Ni 2p peaks located at 852.8-871.5 eV can be attributed to the Ni 0 species [66, 67] , while the Ni 2p doublet at 855.9-873.7 eV is related to the Ni 2+ ions in NiO [68] . For Co 2p spectrum ( Fig. 7f ), the signals with binding energies of 780.3 and 795.6 eV are identified, which belong to the Co 2+ ions in CoO [69] . Therefore, the XPS data are in good agreement with the HRTEM results. After HER test, the CZSW-CoO x /NiO x was also characterized by HRTEM and XPS tests. As shown in Fig. S17a , the nanoparticle on WO 3−x amorphous layer displays the structure of cubic CoO (JCPDS No. 01-1227). Meanwhile, based on the HRTEM image in Fig. S17b , the nanoparticle anchored on CZ 0.15 S nanorod is identified as the cubic NiO (JCPDS No. 02-1216). On the other hand, the Ni 2p XPS spectrum in Fig. S17c indicates that, Ni and NiO still exist in the CZSW-CoO x /NiO x hybrid after reaction. Moreover, the presence of CoO species is confirmed by the Co 2p peaks in Fig. S17d . The HRTEM and XPS results of the used CZSW-CoO x /NiO x are similar to that before reaction ( Fig. 7) , which suggests that the catalyst structure after photocatalytic reaction is maintained, demonstrating a favorable stability of the CZSW-CoO x /NiO x composite.
The photocatalytic H 2 evolution activities of CZ 0.15 S-0.08W and CZ 0.15 S-0.10W prepared under different drying conditions were compared. As indicated in Fig. 8a , the HER performance of CZ 0.15 S-0.08W-air is superior to that of CZ 0.15 S-0.08W-vacuum. Similarly, in comparison with CZ 0.15 S-0.10W-vacuum, the CZ 0.15 S-0.10W-air displays a much enhanced capability towards H 2 production ( Fig. 8b) . Hence, we can see that, the HER activities of CZ 0.15 S@WO 3−x synthesized by air-drying are much better than that of the counterparts fabricated after vacuumdrying, which suggests that the oxygen vacancies (W 5+ /OVs) formed in CZ 0.15 S-0.08W (Fig. 4 ) plays a critical role in the enhancement of photocatalytic activity. One can notice that, the CZ 0.15 S@WO 3−x hybrid shows a middle light-absorption as compared with pure CZ 0.15 S and WO 3 (Fig. S18) ; however, the HER activity of CZ 0.15 S@WO 3−x is much higher than that of the other two ( Fig. 6a and Fig. S7 ). To uncover the reason for the enhanced photocatalytic activity of CZ 0.15 S@WO 3−x , the electronic band structures of CZ 0.15 S and WO 3−x were studied accordingly. On the basis of the Kubelka-Munk theory [53] , the bandgaps of CZ 0.15 S and WO 3 are determined to be 2.49 eV (direct band gap) and 2.48 eV (indirect band gap), respectively (Figs S2 and S19). In Fig. 8c , the Mott-Schottky curves show that the flat band potentials of CdS, CZ 0.15 S, and WO 3 are found to be −0.71, −0.92, and −0.45 V vs. Ag/AgCl, corresponding to −0.11, −0.32, and 0.15 V vs. RHE, respectively. The positive slopes of Mott-Schottky profiles confirm that these three samples all belong to the n-type semiconductor [70] . It is commonly acknowledged that, the conduction band bottom of n-type semiconductor is about 0.1 V more negative than its flat band potential [71] . Therefore, the conduction band minimum (CBM) potentials of CdS, CZ 0.15 S, and WO 3 are estimated to be −0.21, −0.42, and 0.05 V vs. RHE, respectively. The more negative CBM potential of CZ 0.15 S than CdS indicates that Zn-doping affects the CBM level of CdS, which is beneficial to the formation of stronger reducing electrons for HER [72] .
Integrating the bandgaps of CZ 0.15 S and WO 3 with their CBM potentials, the corresponding band alignments can be fixed (Fig. 8d ). Furthermore, for CZ 0.15 S@WO 3−x hybrid, the photogenerated charge transfer between CZ 0.15 S and WO 3−x was thoroughly analyzed. According to the heterostructure-type charge transfer pathway [73] , under illumination, the photo-induced electrons in the conduction band (CB) of CZ 0.15 S will migrate into the CB of WO 3−x through the conjoint interfaces, while the holes will move from the valence band (VB) of WO 3−x to the VB of CZ 0.15 S. However, in this case, the photogenerated electrons in the CB of WO 3−x cannot reduce H + into H 2 due to the positive CB potential of WO 3−x (Fig. 8d ), which is not in agreement with the photocatalytic HER results (Fig. 6a) . In contrast, the charge transfer should follow the Z-scheme mechanism. According to previous studies [74, 75] , the Fermi level of WO 3−x is lower than that of Cd 1−x Zn x S. Thus, after WO 3−x was coated onto Cd 1−x Zn x S to form Cd 1−x Zn x -S@WO 3−x heterostructure, the electrons will flow from Cd 1−x Zn x S to WO 3−x until their Fermi levels are aligned [25] , which leads to the establishment of space-charge region and built-in electric field at the interfaces [76, 77] with the Cd 1−x Zn x S and WO 3−x being positively and negatively charged near the surface, respectively. As shown in Fig. 4a and b , both the Cd 3d and Zn 2p signals in Cd 1−x Zn x S@WO 3−x hybrid shift to higher binding energies as compared with that in individual Cd 1−x Zn x S, indicating that the electron cloud densities of Cd and Zn atoms are decreased after the hybridization of Cd 1−x Zn x S and WO 3−x . The reduced electron cloud densities of Cd and Zn atoms imply that, the electrons are transferred from Cd 1−x Zn x S to WO 3−x after they are combined together, which is in agreement with the above statements. Then, the interfacial electric field could cause the depletion or accumulation of charge carrier near the semiconductor surface in contrast to the bulk. As a result, the energy band edges of Cd 1−x Zn x S with high Fermi level are bended upward continuously towards the interface, oppositely, the energy band edges of WO 3−x with low Fermi level display a downward bending towards the interface [77] . The downward band bending enables the electrons to flow out swimmingly but impedes the transmission of holes, while the upward band bending is beneficial to the movement of holes rather than electrons. As a result, the photo-induced electrons in WO 3−x will recombine with the holes in CZ 0.15 S, and the stronger reducing electrons in the CB of CZ 0.15 S and oxidizing holes in the VB of WO 3−x are well spatially isolated, resulting in significantly decreased charge recombination and highly efficient H 2 evolution activity of CZ 0.15 S@WO 3−x . It is worth mentioning that, the oxygen defects in WO 3−x could engender a set of quasi-continuous energy levels to reduce the interfacial electric resistance and realize ohmic contact for CZ 0.15 S@WO 3−x [9, 31] , which facilitates the transfer of charge carriers through the Z-scheme and improves the HER performance effectively. Therefore, after drying in air, the synthesized CZ 0.15 S@WO 3−x having more W 5+ /OVs exhibits a much higher HER activity than the one obtained after vacuum-drying ( Fig. 8a and b) . What's more, based on the separation of photo-excited electrons in CZ 0.15 S and holes in WO 3−x , NiO x and CoO x which have been proven to be good cocatalysts in serving as the traps to capture electrons and holes respectively [78] [79] [80] are photo-deposited onto CZ 0.15 S@WO 3−x to form CZ 0.15 -S@WO 3−x /CoO x /NiO x hybrid ( Fig. 6 and Fig. S12 ), for which the photocatalytic activity is further notably increased ( Fig. 6a ). Hence, the excellent H 2 evolution performance of CZ 0.15 S@WO 3−x /CoO x /NiO x could be attributed to the highly efficient Z-scheme charge separation and selective charge trapping by NiO x and CoO x redox cocatalysts. The strategy through introducing oxygen vacancies into the artificial Z-scheme photocatalytic systems to enhance their photocatalytic HER activity is universal. And the validity of this strategy has been confirmed by various photocatalytic systems reported recently. For example, the rich oxygen vacancies in Z-scheme g-C 3 N 4 /OD-ZnO heterojunction play dual-function roles in improving visible-light absorption and mediating the efficient charge separation, leading to enhanced photocatalytic degradation of 4-chlorophenol and H 2 evolution [81] . Another example is that the oxygen vacancies in direct Z-scheme BCN-TiO 2 heterostructures enhanced the visible-light absorption and the transfer of photogenerated carriers, which improved the photocatalytic activity for H 2 production significantly [82] . As for Cd 1−x Zn x S, it has the similar effect when it forms a Z-scheme composite with other oxygen-defective semiconductor oxides. For example, the oxygen vacancies in direct Z-scheme ZnO 1−x / Zn 0.2 Cd 0.8 S heterostructures increased photocatalytic hydrogen production by enhancing visible-light harvesting significantly [83] . Besides, when CdS or ZnS was used to construct Z-scheme hybrid photocatalysts, this strategy is also practicable. For instance, in the CdS/CdWO 4 and CdS/ZnO Z-scheme heterostructures comprising oxygendefected CdWO 4 or ZnO, the oxygen vacancies helped to form ohmic contact and broaden light absorption, resulting in improved photocatalytic hydrogen evolution [84, 85] . While in double Z-scheme ZnO/ZnS/g-C 3 N 4 ternary structure, the oxygen vacancies together with sulfur vacancies boosted photo-activity through enhancing the visible-light absorption and facilitating the separation and transfer of charge carriers [86] .
CONCLUSIONS
In summary, a novel Z-scheme Cd 1−x Zn x S@WO 3−x nanohybrid photocatalyst consisting of Cd 1−x Zn x S nanorods coated with oxygen-deficient WO 3−x amorphous layers was prepared for the first time. The HER measurements indicate that, Cd 1−x Zn x S@WO 3−x exhibits a superior activity as compared with Pt-decorated Cd 1−x Zn x S and individual Cd 1−x Zn x S and WO 3 . It is revealed that, the excellent HER performance of Cd 1−x Zn x S@WO 3−x results from the generation of stronger reducing electrons after appropriate Zn-doping in Cd 1−x Zn x S which increases the CB level, and the facilitated charge transfer caused by the introduction of oxygen vacancies into WO 3−x which decreases the interfacial electrical resistance. Specifically, CZ 0.15 S-0.08W demonstrates an outstanding HER rate of 21.68 mmol h −1 g −1 , which is further increased to 28.25 mmol h −1 g −1 after photo-deposition with CoO x and NiO x redox cocatalysts (CZSW-CoO x /NiO x ). Moreover, the AQY at 420 nm of CZSW-CoO x /NiO x (60.8%) is much improved in comparison with that of CZ 0.15 S-0.08W (34.6%). Moreover, both the CZ 0.15 S-0.08W and CZSW-CoO x /NiO x present good HER stability under long-term irradiation. The results demonstrated in this work will facilitate the development of photocatalysts with highly-efficient solar conversion and utilization.
